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ABSTRACT: Establishing mechanistic understanding of crystal-
lization processes at the molecular level is challenging, as it requires
both the detection of transient solid phases and monitoring the
evolution of both liquid and solid phases as a function of time. Here,
we demonstrate the application of dynamic nuclear polarization
(DNP) enhanced NMR spectroscopy to study crystallization under
nanoscopic confinement, revealing a viable approach to interrogate
different stages of crystallization processes. We focus on
crystallization of glycine within the nanometric pores (7−8 nm)
of a tailored mesoporous SBA-15 silica material with wall-embedded
TEMPO radicals. The results show that the early stages of
crystallization, characterized by the transition from the solution
phase to the first crystalline phase, are straightforwardly observed
using this experimental strategy. Importantly, the NMR sensitivity enhancement provided by DNP allows the detection of
intermediate phases that would not be observable using standard solid-state NMR experiments. Our results also show that the
metastable β polymorph of glycine, which has only transient existence under bulk crystallization conditions, remains trapped within
the pores of the mesoporous SBA-15 silica material for more than 200 days.
■ INTRODUCTION
Although crystallization phenomena are central to many
processes in chemistry, materials science, and biology
(including biomineralization),1−4 detailed fundamental under-
standing of such processes is often difficult to establish. The
mechanistic pathway from molecules dispersed in solution to
the formation of the “embryonic” crystalline assembly (e.g., the
critical nucleation cluster), followed by growth to produce the
final crystalline phase, is a complex process, which may be
further complicated by the evolution of the system through
different transient solid forms such as amorphous phases and/
or metastable polymorphs before the final crystallization
product is obtained.5 Knowledge of the full mechanistic
pathway is critical for advancing our understanding of
crystallization processes6,7 and is a prerequisite for developing
experimental strategies to allow the formation of specific
polymorphs to be controlled.8
Interestingly, it has been found that crystallization within
nanoscale pores can promote the formation and stabilization of
polymorphs that are metastable under bulk crystallization
conditions.9−13 For example, crystallization of glycine within
controlled pore glasses (CPGs) or porous polymers (e.g. p-PS-
PDMA) can “trap” the metastable β polymorph indef-
initely;9,14−16 in contrast, the β polymorph is observed only
transiently in crystallization from bulk aqueous solution,
transforming rapidly to the more stable α and/or γ
polymorphs. Furthermore, crystallization in confined media
can play a key role in biomineralization processes (e.g., the
formation of calcium carbonate and calcium phosphate).17−20
Glycine is often used as a model system in polymorphism
research,21−34 with three polymorphs (α, β, γ) known to exist
at ambient pressure. The thermodynamically stable form is the
γ polymorph, and the least stable form is the β polymorph.
Crystallization from water at neutral pH typically produces the
metastable α polymorph (although the β polymorph may be
formed transiently before the α polymorph). The α polymorph
then transforms over time to the stable γ polymorph. However,
as noted above, crystallization from water in nanoconfined
environments may promote the formation of the β polymorph.
In addition, a dihydrate phase of glycine is also known.24,25
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In recent years, in situ NMR spectroscopy35−41 has been
shown to be a promising strategy for investigating mechanistic
aspects of crystallization processes from bulk solution, allowing
the simultaneous evolution of both the liquid and solid phases
to be probed as a function of time during crystallization.39−41
The discriminating accuracy of solid-state NMR chemical
shifts allows reliable identification of the solid form(s) (e.g.,
polymorphs) present at different stages during crystalliza-
tion.41−44 However, as transient solid forms are typically
present in very low amounts, short-lived intermediate phases
may be undetectable in in situ NMR studies due to the
intrinsically low sensitivity of the NMR technique.
In the present work, we exploit dynamic nuclear polarization
(DNP) to overcome the inherent problems associated with the
low sensitivity of NMR45−50 for monitoring the evolution of
crystallization processes, focusing on crystallization in nano-
porous environments. In DNP experiments, the sample is
irradiated with microwave radiation to transfer the electron
spin polarization of unpaired electrons to the nuclear spins,
leading to enhancement of the NMR signal strength. However,
paramagnetic polarizing agents must be added to the (usually)
diamagnetic sample,51−53 and the presence of the polarizing
agent may potentially change the properties of the system
under investigation. In the context of applying DNP experi-
ments to study crystallization, a potential problem is that the
polarizing agent may influence the crystallization process.54−56
Furthermore, polarizing agents are usually dissolved in certain
specific solvents, such as water/glycerol or tetrachloroethane,
in order to promote glass formation upon freezing. However,
the use of these solvents in crystallization experiments may also
modify the outcome of the crystallization process. In the
present work, we circumvent these issues by exploiting
nanostructured porous materials57−59 in which the polarizing
agent is incorporated within the pore walls,60,61 ensuring (i)
that the polarizing agent and the molecules undergoing
crystallization are present in different phases and (ii) that the
polarizing agent is uniformly distributed throughout the
sample as a whole.
We focus on crystallization of [1-13C] glycine from aqueous
solution within the pores of a mesoporous SBA-15 silica
material (pore diameter of approximately 7−8 nm) in which
the DNP polarizing agents (TEMPO nitroxide radicals) are
embedded in the pore walls.60 Our results show that the early
stages of crystallization (i.e., the transition from the
homogeneous solution phase to the first observable crystalline
phase) are readily monitored by DNP solid-state NMR
measurements, allowing the existence of metastable solid
phases within the porous material to be observed straightfor-
wardly. Significantly, the NMR sensitivity enhancement
provided by DNP allows the detection of intermediate solid
phases that would not be observable using standard solid-state
NMR experiments.
■ RESULTS
Figures 1 and 2 describe our DNP NMR strategy to monitor
the evolution of crystallization of glycine within the
mesoporous SBA-15 silica material with wall-embedded
TEMPO radicals. The mesoporous material is impregnated
with an undersaturated aqueous solution of [1-13C] glycine
(7.7% w/w; ∼1 M) at ambient temperature and stored in an
open vial which was left open in a desiccator at fixed humidity
(43%), allowing crystallization to proceed within the
mesoporous material by solvent evaporation.
Figure 1. Schematic representation of crystallization of glycine within the pores of mesoporous SBA-15 silica material. (a) Tailored mesoporous
silica material containing wall-embedded TEMPO radicals (represented in yellow and defined in the box below). (b) Full impregnation of the pores
of the mesoporous silica material with an aqueous solution of glycine (shown in light blue). (c) Evaporation of solvent (water) leads to
crystallization of glycine within the pores of the material.
Figure 2. Schematic of the experimental DNP NMR strategy to probe
the evolution of crystallization processes.
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At a specific point in time after impregnation, an aliquot of
the material is extracted from the vial and transferred to a
solid-state NMR rotor. The rotor is then inserted into the
DNP solid-state NMR spectrometer at ∼100 K, rapidly
quenching the crystallization process. No further evolution of
the crystallization process occurs, and the so-obtained sample
represents the crystallization system frozen in time at the
moment of quenching. A range of NMR experiments can then
be carried out on the “frozen” crystallization system.
The same procedure is repeated at subsequent time points
during the crystallization process. At each value of time, a
further aliquot of the impregnated material is rapidly quenched
by insertion into the DNP solid-state NMR spectrometer,
followed by NMR measurements on the quenched crystal-
lization system. In this way, NMR data are recorded ex situ on
the same crystallization system at different values of time,
providing individual “snapshots” of the crystallization system
and allowing the different phases present as a function of time
during the crystallization process to be identified.
Our strategy to investigate the evolution of crystallization of
glycine within the mesoporous silica material is demonstrated
in Figure 3, which shows DNP-enhanced 13C CPMAS NMR
spectra recorded for samples quenched at different times
during the crystallization process.
For the sample quenched at 15 min after impregnation, the
13C CPMAS NMR spectrum (Figure 3b) recorded with
microwave irradiation (DNP signal enhancement, εDNP = 25)
comprises a broad signal assigned as the amorphous glycine/
water frozen solution observed previously.42 Indeed, NMR
allows amorphous phases to be distinguished from crystalline
phases on the basis of signal line widths, with amorphous
phases giving rise to significantly broader lines. The signal from
amorphous phases of glycine (including the glycine/water
frozen solution) can be suppressed by using a T1ρ relaxation
filter experiment (pulse sequence in Figure 6), which exploits
differences in the relaxation times of glycine in amorphous and
crystalline phases.62
Hence, T1ρ-filtered
13C CPMAS NMR spectra can reveal
low-intensity signals from crystalline phases that are hidden
under the broad signal due to the amorphous glycine/water
frozen solution that dominates the 13C CPMAS NMR
spectrum.
For the sample quenched at 15 min, the T1ρ relaxation
filtered 13C CPMAS NMR spectrum (Figure 3c) comprises a
Figure 3. 13C CPMAS (blue and orange) and T1ρ-filtered
13C CPMAS (green) NMR spectra recorded for mesoporous SBA-15 silica materials with
wall-embedded TEMPO radicals and impregnated at room temperature with an aqueous solution of [1-13C] glycine (7.7% w/w). The samples were
quenched after crystallization times of 15 min (a−c), 25 h (d−f), 48 h (g−i), and 72 h (j−l). Blue spectra were recorded without microwave
irradiation and at 98 K; orange and green spectra were recorded with microwave irradiation and at 110 K (the difference in temperature is due to
the heating effect of the microwave irradiation). Window (n) shows the superposition of spectra (b) and (c). Window (m) shows the superposition
of spectra (e) and (f). In (n) and (m), the intensities are scaled to correspond to the same absolute intensity.
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broad signal that is different from the spectrum of the
amorphous glycine/water frozen solution (Figure 3b). The
intensity maximum of this broad signal (173.5 ppm) does not
correspond to the 13C chemical shift of any crystalline
polymorph of glycine in the same temperature region25 (α
polymorph, 176.8 ppm; β polymorph, 175.5 ppm; γ
polymorph, 174.3 ppm), although it is very close to the 13C
chemical shift of crystalline glycine dihydrate25 (173.5 ppm).
However, the new signal is significantly broader than that
observed previously for crystalline glycine dihydrate in bulk
crystallization experiments.25
To further explore this issue, the standard temperature
sequence to generate glycine dihydrate in bulk solution24,25
was carried out for the mesoporous silica material after
impregnation with an aqueous [1-13C] glycine solution (7.7%
w/w). However, following this procedure, the 13C NMR
spectrum (Figure S1) does not show a sharp signal at 173.5
ppm characteristic of crystalline glycine dihydrate. On this
basis, the broad signal at 173.5 ppm in Figure 3c,f is unlikely to
be due to crystalline glycine dihydrate. Potentially, the broad
signal at 173.5 ppm may be due to a phase with higher local
concentration of glycine than the amorphous glycine/water
frozen solution, perhaps representing clustering of glycine
molecules preceding crystallization. This interpretation would
be in agreement with previous work in which an amorphous
phase was identified in the case of nanocrystals confined in
porous glasses.11 The phase giving the broad signal at 173.5
ppm is currently under further investigation.
The 13C CPMAS NMR spectrum of the sample quenched at
25 h also comprises a broad signal assigned as the amorphous
glycine/water frozen solution (Figure 3e; εDNP = 5). In the T1ρ
filtered 13C CPMAS NMR spectrum, the broad signal due to
the unidentified phase of glycine is still observed but with
decreased intensity (Figure 3f).
For the sample quenched at 48 h, the 13C CPMAS NMR
spectra (Figure 3g,h) comprise the broad signal due to the
amorphous glycine/water frozen solution. However, the T1ρ-
filtered 13C CPMAS NMR spectrum now contains a sharp,
low-intensity signal at 175.9 ppm, assigned as the β polymorph
of glycine (Figure 3i). Significantly, the broad signal at 173.5
ppm due to the unidentified phase is not observed at 48 h,
consistent with the possible assignment of this phase as a
transient intermediate on the crystallization pathway, serving as
a noncrystalline precursor to the crystalline β polymorph. We
note that our proposal (see above) that the broad signal at
173.5 ppm is due to an amorphous phase with higher local
concentration of glycine than the amorphous glycine/water
frozen solution is based on the premise that an intermediate
phase on the pathway between the amorphous glycine/water
frozen solution and the crystalline β polymorph would
reasonably be expected to have a glycine concentration
intermediate between that of the amorphous glycine/water
frozen solution and that of the β polymorph (i.e., pure
glycine).
For the sample quenched at 72 h, the signal due to the
amorphous glycine/water frozen solution is still observed
(Figure 3k; εDNP = 3), while the T1ρ-filtered
13C CPMAS NMR
spectrum contains only the sharp signal due to the β
polymorph of glycine (Figure 3l), with higher intensity than
the sample quenched at 48 h.
Overall, the DNP signal enhancement decreases as
crystallization time increases, possibly due to evaporation of
water as crystallization proceeds at room temperature (within
the impregnated material). For example, the DNP signal
enhancements are close to 1 for the three signals in the 13C
CPMAS NMR spectrum (Figure 4) recorded 224 days after
impregnation. The loss of water due to evaporation results in
reduced efficiency of the solvent mediated polarization transfer
from the polarizing agent (located inside the walls) to the
crystalline phases (located inside the pores), which occurs
through 1H−1H spin diffusion. We note that the mass of the
sample decreases as a function of time after impregnation,
confirming that evaporation of water occurs during the
evolution period (Figure S2), although the exact water content
cannot be estimated due to periodic removal of the sample for
transferring to the NMR rotor.
Importantly, evaporation of water from the crystallization
system does not reach completion in our experiments. For a
sample left in a sealed desiccator at room temperature and
fixed humidity (43%) for 224 days after impregnation, the 13C
CPMAS NMR spectrum (recorded at 100 K; Figure 4) still
contains a broad signal due to the amorphous glycine/water
frozen solution, together with sharp signals due to the α and β
polymorphs. Thus, even 224 days after the start of
crystallization, the metastable β polymorph remains trapped
and stabilized within the mesoporous silica material at room
temperature, although clearly some of the sample had
transformed to the α polymorph. We note that the relative
amounts of the different crystalline polymorphs cannot be
readily quantified from 13C CPMAS NMR measurements as
each polymorph has different relaxation behavior and CPMAS
experiments are intrinsically nonquantitative.
■ DISCUSSION
Our results demonstrate that different stages of crystallization
of glycine are readily resolved using the DNP NMR strategy
presented here. In comparison with previous work on
crystallization of glycine from bulk solution,30,40,42 crystal-
lization of glycine within mesoporous silica allows more
detailed insights as the transformations between different solid
forms are significantly slower in the nanoconfined system.
For example, transformation of the β polymorph to the α
polymorph usually starts within a few minutes in bulk aqueous
solution,42 whereas the β polymorph remains present for
several days when the crystallization process occurs in the
nanoconfined system. In contrast, crystallization from a bulk
aqueous solution of glycine (i.e., without mesoporous materials
Figure 4. 13C CPMAS NMR spectrum recorded at 100 K with
microwave irradiation for the mesoporous material impregnated with
aqueous glycine solution 224 days after impregnation. The signal
denoted “Am” is due to the amorphous water/glycine frozen solution.
DNP enhancements: εDNP = 1 for the amorphous phase and α
polymorph; εDNP = 1.5 for the β polymorph.
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nor DNP polarizing agents) yields the α and γ polymorphs
after 3 days, as evident from the conventional 13C CPMAS
NMR spectrum recorded at room temperature (Figure 5a).
In another control experiment, a (nonporous) powder
sample of silica was impregnated with an identical aqueous
solution of [1-13C] glycine (7.7% w/w). In this case, the only
signal in the 13C CPMAS NMR spectrum recorded with no
polarizing agent present and at room temperature (Figure 5b)
is due to glycine adsorbed on the silica surface,14,63,64 with no
crystalline phases observed. This result confirms that the
preferential formation of the β polymorph within the
mesoporous silica material is a consequence of nanoconfine-
ment rather than due to interaction of the aqueous solution of
glycine with a silica surface.
Moreover, we emphasize that our strategy enables very early
stages of the crystallization process to be probed, as a
consequence of the sensitivity enhancement of DNP. The
absolute sensitivity S = SNR × t−1/2 (where SNR is the signal-
to-noise ratio and t is the experiment time) is ∼15 times higher
in our DNP experiments compared to standard solid-state
NMR experiments. As a result, the β polymorph is detected in
the DNP-enhanced 13C CPMAS NMR spectrum recorded
48 h after starting the crystallization process (Figure 3i). In this
experiment, S = 0.12 min−1/2 (SNR = 2.2; t = 344 min).
In addition, T1ρ-filtered
13C CPMAS NMR spectra reveal
the presence of an unidentified solid phase of glycine (Figure
3c) prior to the appearance of the β polymorph. In this
experiment, S = 0.23 min−1/2 (SNR = 4.2; t = 344 min).
Without the sensitivity enhancement of DNP, experiment
times greater than 50 days would be required to detect both
the unidentified solid phase (Figure 3c) and the β polymorph
at 48 h (Figure 3i) under the same crystallization conditions.
In future studies, DNP NMR sensitivity could probably be
improved by the use of different polarizing agents and/or
different sample preparation methods, such as the study of
crystallization from an aqueous solution containing both
AMUPol and the molecule under investigation dispersed
homogeneously in a mesoporous material,65 although the
amount of polarizing agent, in this case, should be kept low to
minimize the risk of affecting the crystallization process.
Our results demonstrate that the sensitivity enhancement of
DNP opens up the opportunity to detect earlier stages of
crystallization processes compared to using standard solid-state
NMR methods. Moreover, our results indicate that crystal-
lization processes evolve more slowly in confined porous media
than in bulk solution, in agreement with previous studies of
crystallization in nanoconfined environments.9,10,66 Thus, the
experimental strategy presented here has the potential to reveal
the existence and possibly determine the structure of new
transient phases during crystallization processes, which
typically evolve too quickly in bulk solution to allow detection
under typical in situ measurement conditions. Furthermore,
our strategy is applicable for investigating different crystallizing
substances and different solvents, representing a versatile
approach for gaining new insights into a broad range of
crystallization systems.
■ EXPERIMENTAL SECTION
Sample Preparation. Mesoporous Silica. The mesoporous silica
material was SBA-15 with wall-embedded TEMPO radicals,
synthesized by the method of Besson et al.60 (particle size <10
μm). The mesopores have cylindrical shape (diameter, 7−8 nm) and
are connected through micropores. The radical concentration (0.52 ±
0.03 mmol/g) and the uniform distribution of radicals were
established by electron paramagnetic resonance.67
DNP enhancements (εDNP) measured on a 0.2 M aqueous solution
of U−13C/15N proline were used to evaluate the radical concentration
and homogeneous distribution in the SBA material. Values of εDNP
measured for the material used in this study are comparable to those
reported previously60 for SBA materials with similar radical
concentrations.
Crystallization Solutions. [1-13C] glycine (99%) and water with
natural isotopic abundances (HPLC grade) were purchased from
Sigma-Aldrich. An aqueous solution of [1-13C] glycine (7.7% w/w ∼1
M) was prepared in a glass vial (2 mL). The solution was stirred at
room temperature for 10 min until dissolution was complete. Then,
the solution was passed through a 0.45 μm poly(tetrafluoroethylene)
syringe filter to remove any insoluble particulate matter.
The amount of solution (160 μL) used for impregnation was
approximately equal to the total pore volume of the mesoporous
material, based on the total mass and specific surface area of the
material (determined by the Brunauer−Emmett−Teller (BET)
method), while the pore size distribution was calculated from
desorption isotherms using the Barrett−Joyner−Halenda (BJH)
method. This procedure maximizes the loading of glycine within
the pores while minimizing the residual amount of glycine on the
exterior surfaces of the mesoporous material. As a result, the amount
of glycine added to the mesoporous material (80 mg) was between
5.6 × 10−5 and 7.7 × 10−5 mol.
Experimental Protocol for DNP Solid-State NMR Studies of
Crystallization. An amount (160 μL) of aqueous [1-13C] glycine
solution (7.7% w/w) was used to impregnate the mesoporous silica
material with wall-embedded TEMPO radicals (80 mg). The
impregnated material was stored in a glass vial (2 mL), which was
left open in a desiccator at fixed humidity (43%) and room
temperature. Humidity was controlled by a supersaturated aqueous
solution of potassium carbonate. For reference, we note that reported
values68−70 of the concentration of a (bulk) equilibrium saturated
aqueous solution of glycine in the vicinity of room temperature are in
the range 17.7−19.9% w/w at ∼20 °C and 20.0−22.6% w/w at
∼25 °C. The crystallization process was monitored by recording 13C
CPMAS NMR spectra on different aliquots (∼15 mg) of the
impregnated mesoporous silica material extracted at different time
points after starting the crystallization process. Each aliquot was
packed in a different 3.2 mm sapphire NMR rotor and rapidly
quenched by insertion into the DNP solid-state NMR spectrometer.
Figure 5. Standard 13C CPMAS NMR spectra recorded (at room
temperature and with no polarizing agent present) under the
following conditions: (a) solid sample recovered by filtration after 3
days of crystallization in a bulk aqueous solution of [1-13C] glycine
(7.7% w/w) and (b) 3 days after impregnating nonporous silica with
an aqueous solution of [1-13C] glycine (7.7% w/w). The signal
denoted “Ad” is due to glycine adsorbed on the silica surface.63,64
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To investigate whether rapid quenching of aqueous glycine solution
may trigger crystallization,71 an aqueous solution of [1-13C] glycine
that was under-saturated at ambient temperature (11.8% w/w ∼1.8
M) was flash cooled to ∼100 K in less than 1 min inside the NMR
spectrometer. No signal due to crystalline phases of glycine was
observed in the 13C CPMAS and T1ρ filtered
13C CPMAS NMR
spectra. Only a broad signal due to the amorphous glycine/water
frozen solution was observed.
The effect of temperature quenching on crystallization was also
investigated through a “freeze−thaw” cycle (specifically, cooling to
100 K, warming to room temperature, and then cooling again to 100
K). No changes were observed in the 13C CPMAS NMR spectrum
recorded at 100 K in successive cycles, indicating that there was no
transformation of the glycine phase throughout this experiment.
NMR Spectroscopy. DNP Solid-State NMR. All DNP solid-state
NMR spectra were recorded on a Bruker 9.4 T wide-bore magnet
(Larmor frequencies: 1H, 400 MHz; 13C, 100 MHz) operated by an
AVANCE-III NMR spectrometer with a Bruker 3.2 mm DNP low-
temperature double-resonance 1H/{29Si−13C} MAS probe, with MAS
frequency of 8 kHz. Microwave irradiation was applied using a
gyrotron connected to the NMR probe (frequency, 263 GHz; power,
4 W). All measured 13C chemical shifts are referenced against the
COOH resonance for the β polymorph of glycine recorded at 100 K,
which was set to 175.5 ppm.25
T1ρ filtered
13C CPMAS NMR spectra were recorded using a pulse
sequence (Figure 6) applying a spinlock (duration τsl) after the 90°
pulse. The nutation frequency of the spinlock pulse was 60 kHz, with
a duration of τsL = 35 ms; the delay τsL was adjusted by monitoring
the intensity of the signal due to the amorphous glycine/water frozen
solution in steps of 5 ms until full disappearance. During the τsL delay,
transverse magnetization relaxes in the presence of spin-locking with
time constant T1ρ. As amorphous phases have shorter T1ρ than
crystalline phases, signals due to amorphous phases are filtered out of
the measured spectrum.
Both 13C CPMAS and T1ρ filtered
13C CPMAS NMR spectra were
recorded with a recycle delay of 30 s and a CP contact time of 2 ms.
1H decoupling used the SPINAL decoupling scheme72 (pulse length,
4.6 μs; nutation frequency, 90 kHz). The 13C CPMAS NMR spectra
were recorded with 8 repetitions, while the T1ρ filtered
13C CPMAS
NMR spectra were recorded with 2048 repetitions.
The difference in absolute sensitivity between DNP and standard
solid-state NMR experiments was evaluated with two aliquots of the
mesoporous silica material impregnated with aqueous glycine solution
and left in ambient air for 80 h. After 80 h, the amount of crystallized
β polymorph was detected by both standard NMR and DNP
experiments. The 13C NMR absolute sensitivity was S = 7 min−1/2 for
DNP and S = 0.45 min−1/2 for standard NMR. Thus, DNP yielded 15
times higher 13C NMR sensitivity.
Standard Solid-State NMR. Solid-state NMR spectra without DNP
(shown in Figure 5) were recorded on a Bruker 9.4 T wide-bore
magnet (Larmor frequencies: 1H, 400 MHz; 13C, 100 MHz) operated
by AVANCE-III or AVANCE-III HD NMR spectrometers with a
Bruker 4 mm double-resonance 1H/{29Si−13C} MAS probe. The
spectra were recorded at room temperature with 128 repetitions, a
recycle delay of 4 s, and a CP contact time of 2 ms; the MAS
frequency was 10 kHz in all experiments.
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CPMAS, cross-polarization magic angle spinning; DNP,
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